Abstract. Until now, fluorescein sodium salt has been used to generate the background signal for indirect fluorimetric detection of inorganic cations or mono-charged organic anions separated by Capillary Zone Electrophoresis (CZE). In this paper, we extend the use of fluorescein sodium salt to the simultaneous CZE analysis of inorganic anions (Cl 
Introduction
Liquid Phase Chromatography is still considered today as a predilection technique for the inorganic anions analysis in several domains such as: environment, clinical diagnosis or food industry. Ions ex ch a n ge rs columns are used for the separation of these species, the detection being performed essentially by conductometry [1] and sometimes by indirect p h o t o m e t ric detection [2] . However these tech n i q u e s , although being still commonly used, compete more and m o re with High Pe r fo rmance Cap i l l a ry Electro p h o re s i s (HPCE), a relatively recent analytical technique that matches up a small cost of utilization, a certain facility of implementation and very high performances.
In the case of bare fused silica capillary, the electrophoretic mobility of inorganic anions is diametrically opposed to the electroosmotic flow. As a result, if a complex mixture containing inorganic anions with a wide range of electrophoretic mobilities is analyzed, some of these anions will n ever re a ch the detection window wh at ever the injection (anodic or cathodic). To prevent this analytical problem three strategies can be envisaged. The first one is based upon the use of a strong electroosmotic flow [3, 4] in order to obtain a satisfactory separation rate. This strategy shows however some limitations, anions presenting a very high electrophoretic mobility not being able to be analyzed. The second one consists in the reduction or the suppression of the elect roosmotic fl ow [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , detection and injection being re sp e c t ive ly perfo rmed near the anode and at the cat h o d e. Nevertheless for the inorganic anions and polycharged organic anions analysis, a third strategy is currently the most frequently used, the use of cationic surfactants:
• either to coat positive ly the cap i l l a ry walls and so to reverse the electroosmotic flow allowing the visualization of all anions, whatever be their electrophoretic mobility ,
• or to constitute micelles and so to analyze these inorganic ions by Micellar ElectroKinetic Chromatography [39] .
M a ny cationic surfa c t a n t s , ge n e ra l ly quat e rn a ry ammonium surfa c t a n t s , can be used as an electroosmotic fl ow reverser. For instance OFM Anion -BT [16] [17] [18] 32, 35] , cetyltrimethylammonium (CTAB) [21] [22] [23] [24] [25] 36, 37] , hexamethonium [20, 27, 28, 34] or trimethyltetradecylammonium (TTAB) [27, [29] [30] [31] 33, [36] [37] [38] can be noted.
Concerning the detection of inorganic anions separated by HPCE, we can observe, according to literature data, almost no loss of sensitivity as compared to Liquid Phase Chromatography. Several detection methods have been used, including amperometric detection in non aqueous media [14] or suppressed conductivity detection [4] . Neve rtheless the direct or indirect photometric detection methods are mainly e m p l oye d. The direct UV detection applies unfo rt u n at e ly only to a few number of inorganic anions such as Br  -, I  -,  NO   -2 NO   -3 and SCN - [19, 24, 25, 33, 36, [39] [40] [41] [42] [43] [44] . On the other hand, the indirect UV detection appears more attractive due to its universality. The chromophore commonly introduced into the electrolyte to generate the background signal is the chromate [12, [16] [17] [18] 21, 27, 29, 31, 37] . However the utilization of dich ro m ate [11, 30, 34] , p h t a l ate [7, 14, 20] , py ro m e l l i t i c acid [20, 26, 27] or polysulfonated naphtalenes [8] can be also noted. The introduction of these chromophores into the electrolyte often being matched by the addition of a quatern a ry ammonium surfa c t a n t , used as electroosmotic fl ow reverser, it is important to insure that incompatibility does not exist between these two components of the electrophoretic system, as is the case for the vanadium salts, that precipitate in front of some quaternary ammonium salts [16] . Otherwise the indirect fluorimetric detection, although less used, offers interesting potentialities concerning the sensitivity, for example in the case of the analyses of eleven priority phenols [45] , of isopro p e ny l py ro p h o s p h ates [46] , o f explosives [47] or of triorganotin compounds [48] . It has a l re a dy been used for the analysis of inorganic anions, without reversion of the electroosmotic flow, by using detectors specially conceived for these applications [3, 6, 9] .
The aim of this study is to evaluate the potentialities of the first commercially available fluorimetric detector for the a n a lysis of inorganic and poly ch a rged organic anions, without any modification of the equipment. These analyses have been carried out with an eletroosmotic flow modifier (TTAB or hexadimethrine), the fluorescein sodium salt being used as fluorophore generating the background signal, as we h ave prev i o u s ly proposed for the analysis of inorga n i c cations [49] and for the analysis of monocharged organic anions [50] . In this original approach, the detection sensitivity was studied and the technique was applied to the quantification of anions (Cl -, NO -2 and SO 2-4 ) in different mineral and spring waters.
Experimental part

Reagents
All solutions were prepared by using 18 MΩ water produced by an Alpha Q purification system (Millipore, Bedford, MA, USA). Trimethyltetradecylammonium bromide (TTAB) and 1,5-dimethyl-1,5-diaza undecamethyl polymethobromide (hexadimethrine), used as electroosmotic flow reverser, were purchased from Janssen Chimica (Janssen Chimica, Noisy le Grand, France). On the other hand, all reagents, used for the p rep a ration of bu ffer solutions and for the prep a ration of i n o rganic and organic anions standard solutions pre s e n t e d a n a lytical purity and we re provided by A l d ri ch (Aldri ch France, La Verpillière, France). All these reagents were used without purification.
Apparatus
All analyses were carried out by using a P/ACE 2100 system (Beckman, Fullerton, CA, USA) fitted with a fluorimetric detector using an Argon laser (excitation wavelength = 488 nm, emission wavelength = 520 nm). The acquisition and the processing of data were performed with a PS/2 computer (IBM, Greenwock, UK) and of a P/ACE or GOLD 7.11 software (Beckman). Samples were injected in hydrodynamic mode (injection pressure: 0.5 psi, i.e. 3447 Pa). A fused silica capillary (50 µm i.d., 57 cm total length, 50 cm effective length) was used. Injections were operated at the cathodic end of this capillary whose temperature was fixed at 25°C. The pH of the separational buffers was systematically controlled before use, at the operating temperature, by means of a φ model pHmeter (Beckman). The study of the evolution of the fluorescence intensity as a function of the T TAB concentration was perfo rmed out line by using a LS-5 spectro fl u o rimeter (Pe rkin-Elmer Ltd, B e a c o n s fi e l d, UK).
Results and discussion
The first studies mentioned in this paper were carried out by introducing into the buffer solutions the fluorophore (i.e. the fluorescein sodium salt) at 10 −5 M. Indeed this concentration ap p e a red to be during our previous wo rk s , p e r fo rm e d without any electroosmotic flow modifier [49, 50] , the optimal concentration in rega rd of the concentration limit of detection (LOD). Similarly, the pH of the running buffer was fixed to 8.5 during these first approaches since this pH is perfectly suited to the utilization range of the fluorophore [49] .
Capillary coating
The electroosmotic flow reversion for the analysis of polycharged inorganic anions is commonly carried out to solve problems linked to their electrophoretic mobilities which are in opposite direction in regard of the electroosmotic flow, when a bare fused silica capillary is used.
At first, the electroosmotic flow reversion was intended by means of a quaternary ammonium salt, i.e. trimethyltet ra d e cylammonium bromide (TTAB). When such an electroosmotic flow modifier is used, it is generally added into the running electrolyte at the same concentration as that used to coat the capillary walls so as to insure the maximal stability of this coating. Such conditions are unsuitable for the use of fluorescein as the component providing the fluorescence background signal. Indeed, in regard of the fluorescence, the TTAB/fluorescein interaction is similar to that of the acidic media impact, i.e. a loss of the detection sensitivity due to the neutralization of the negative charge of fluoresceinate anion [49] . This hypothesis has been verified by comparing the fluorescence intensity generated by the fluorescein with and without TTAB into the running buffer. So to prevent problems due to the surfactant desorption from the walls, caused by a too weak TTAB concentration into the carrier electrolyte, the coating time had to be optimized in order to perfo rm seve ral consecutive and rep ro d u c i bl e analyses.
The coating time optimization was carried out by the following procedure: i) Fi rst of all, the cap i l l a ry was flushed by sodium hydroxyde 0.1 M during 20 minutes, followed by a rinsing with water for 10 minutes.
ii) The fused silica capillary activation step being completed, the second step of the capillary coating was based on the equilibration of the silica surface with the running electrolyte, i.e. H 3 BO 3 10 −1 M / Na 2 B 4 O 7 2 × 10 −2 M pH = 8.5, by rinsing the capillary with this buffer for 20 minutes.
iii) Finally the effective coating was obtained by a flushing, whose duration remains to be optimized, with the running electro lyte supplemented with tri m e t hy l t e t ra d e cy l a mmonium bromide (5 × 10 −4 M) and fluorescein sodium salt (10 −5 M). The effective reversion of the electroosmotic flow was controlled by injection of wat e r. Such a behav i o u r totally agreed with previously data of the literature [36, 51] .
Results obtained using a test mixture, containing 5 inorganic anions (F -, Cl -, NO ) and 2 polycharged organic anions (citrate and ox a l at e ) , a re rep o rted in fi g u re 1. In fa c t , c i t rate and ox a l ate anions can raise analytical difficulties similar to that mentioned in the case of inorganic anions since their electrophoretic mobilities are equally high.
It ap p e a rs on the electro p h e rogram in fi g u re 1A 1 t h at , when the coating time reaches 50 minutes, analyzed anions are visualized as negative peaks, in agreement with the theoretical development previously reported [49, 50] . Moreover, a negative drift of the baseline is observed for analysis times inferior to 8 minutes. This drift results from the fluorescein a d s o rption on the cap i l l a ry wa l l s , t h at are now positive ly charged due to the TTAB hemimicelles. After 8 minutes of analysis, the baseline drift becomes positive and tends to stabilize. Such a behavior may be attributed to the partial shielding of positive ly ch a rged walls by fl u o rescein. Howeve r this adsorption of fluorescein had only a little impact on the amplitude of the electroosmotic flow which is difficult to estimate because of the very low concentration of fluorescein as compared to that of TTAB.
Then, a second analysis of this test mixture was carried out, without the coating step. The obtained electropherogram is reported in figure 1A 2 . First we can note simultaneously a positive drift of the baseline and the visualization of the analyzed solutes as positive peaks. Such a behavior may be ascribed to fluorescein desorption from the capillary surface. competitive ion exchange between analyzed anions and fluoresceinate anions can take place. These ions exchanges are probably favored by the negative charge, more localized in the case of the studied anions than with fluoresceinate ions, which were released into the solution in large amount in the migration zone of the solutes. As previously shown [49] , the fluorescence intensity decreases when the delocalization of the negative charge of the fluorescein is reduced. Therefore, an exaltation of the fluorescence has to accompany these ions exchanges and the anions of the test mixture appear as positive peaks.
To limit this lack of reproducibility between two analyses, we considered the effect of the coating time on the stability of the TTAB hemimicelles adsorbed on the capillary walls. For coating times superior or equal to two hours, we can observe a good reproducibility during 6 or 7 analyses, as much for the migration times as for the peak heights. In such conditions, it is interesting to note that the studied anions a re visualized systemat i c a l ly as negat ive peaks while the negative drift of the baseline is clearly less pronounced than previously (Fig. 1B) . So in order to limit this drift, that can alter the precision of quantitative analyses, we have attempted to limit its extensiveness by optimizing successively the ionic strength and the fl u o rescein concentrat i o n . N eve rt h e l e s s , as prev i o u s ly mentioned, the concentrat i o n limit of detection (LOD) depends equally on the T TA B concentration in the running electrolyte. So we began the optimization of our electrophoretic system by studying this experimental parameter.
Optimization of the TTAB concentration
Systematically, in indirect UV detection, the concentration of the electroosmotic flow modifier introduced in the buffer during the analysis is the same as that used during the coating, such an experimental approach causing no damage for the detection. On the other hand, when fluorescein is used for indirect fluorimetric detection, it appears a decrease of the signal/noise ratio due to the interaction of the fluorescein with the TTAB, as mentioned previously. Otherwise, the lack of TTAB in the running buffer induces a rapid and progressive loss of the capillary coating. This causes a poor reproducibility of the analyses but allows to estimate very low concentrations. Consequently, with this electrophoretic s y s t e m , the retained T TAB concentration must inev i t ably correspond to a compromise. So in order to optimize this experimental parameter we have studied the evolution of the signal/noise ratio as a function of the TTAB concentration introduced into the carrier electyrolyte (Fig. 2) .
It clearly appears that, in the concentration range studied, the best signal/noise ratio is re a ched when the T TA B concentration is about 10 −5 M but decreases to zero when the concentration is superior or equal to 10 −4 M. Consequently, it seemed judicious to introduce into the running buffer a TTAB concentration equal to 10 −5 M, the latter being the optimal concentration ve rsus the LOD. Neve rt h e l e s s , i n these conditions, we r apidly noticed a shift of the migration times of analyzed species, evidencing that this concentration does not totally prevent the removing phenomena. Taking into account this observation, and in order to obtain a perfect rep ro d u c i b i l i t y, it is recommended to rege n e rate the capillary coating every 5 or 6 analyses, by flushing this last during 1 minute with the coating electrolyte.
Optimization of the ionic strength
In the case of a positively charged capillary, the adsorption of mono charged anions and even more polycharged anions ap p e a rs to disturb the resolution of a complex mixture. I n d e e d, by electro s t atic at t raction the injected anions can undergo more or less strong interactions with the positively charged surface induced by the adsorbed TTAB. A broadening of the solute zones then appears and therefore gives a poor efficiency. Consequently, the broadening of the solute zones have to be minimized in order to improve the mixture resolution. The evolution of the magnitude of the anions adsorption as a function of ionic strength has been followed by measuring the effi c i e n cy re l ating to two test anions, considered as representative of the studied mixture, namely: chloride and oxalate ions.
As evidenced in figure 3 , whatever be the ion, efficiency and ionic strength simultaneously decrease. As a result to optimize the electrophoretic system efficiency, it is interesting to use a high ionic strength in order to shield the posit ive ch a rges of the cap i l l a ry by means of anions pre s e n t within the electro ly t e. Howeve r, this adsorption is still important if we consider polycharged anions, i.e. in the present case: sulphate, oxalate and citrate anions. In fact, as shown in table I, if the monocharged anions, on one hand, and the polycharged anions, on the other hand, migrated as expected from their equivalent ionic mobility [52] , t h e m i gration velocity of poly ch a rged anions ap p e a red to be d e ep ly decreased as compared to that of monoch a rge d anions. This effect is part i c u l a rly important for sulphat e anion.
The efficiency being strongly influenced by the electrolyte ionic strength, the resolution of the test mixture has to depend on this parameter. As a result, we have studied the evolution of the resolution as a function of the ionic strength. Figure 4 shows that the resolution rises when the ionic strength increases, due to a greater efficiency on one hand and because of a change in selectivity on the other hand. I n d e e d, when the ionic strength is low, the effi c i e n cy decreases and the selectivity changes, so that the fluoride and citrate anions elution order is reve rs e d. However the resolution becomes poor. Thus the use of a high ionic strength is required to enhance the differences of electrophoretic behaviors of the analyzed anions and to improve the system effi c i e n cy. Neve rtheless this choice brings up two problems, i.e. the difficulties to dissipate the Joule heating and the decrease of the detection sensitivity.
Indeed, figure 5 evidences that for low ionic strength, the signal/noise ratio is high in spite of a poor efficiency of the e l e c t ro p h o retic system. The ori gin of such a para d ox i c a l behavior has to be searched for in the interactions between fl u o rescein and ions within the electro p h o retic bu ffe r. By increasing the electrolyte concentration, interactions between fl u o rescein and test anions are reduced [49, 50] , i n d u c i n g therefore an increase of the concentration limit of detection. In such conditions, a compromise between resolution and detection thresholds has to be fo u n d. In order to solve 111 Original articles suitably the nitrite/nitrate pair, whose resolution is the most difficult to achieve, and to obtain furthermore a satisfactory LOD, we have retained an electrolyte based upon boric acid 0.1 M, sodium tetrab o rate 0.02 M, t ri m e t hy l t e t ra d e cy l a mmonium bromide 10 −5 M and fluorescein sodium salt 10 −5 M. Moreover, its use led to a notable reduction of the baseline drift previously reported.
Optimization of the fluorescein concentration
To optimize the concentration limit of detection, the evolution of the signal/noise ratio has been studied as a function of the fluorescein concentration within the running buffer. This evolution is shown in figure 6 .
The rep o rted curves show that the optimal fl u o re s c e i n concentration is about of 8 × 10 −5 M, a concentr ation which is 8 times higher than that which we used in our previous works performed using bare fused silica capillaries [49, 50] . This remarkable increase of the optimal fluorescein concentration probably results from the relatively strong interactions between fluorescein and the TTAB bilayer adsorbed on the capillary surface. So, owing to this fluorophore immobilization on the capillary walls, the concentration of free fl u o rescein is dra m at i c a l ly decreased as compared to that i n i t i a l ly added within the bu ffe r. As a re s u l t , when the concentration is inferior or equal to 8 × 10 −5 M, the fluorop h o re/solute interactions become infrequent so that a low concentration limit of detection cannot be reached. By another way, the use of buffer with a high ionic strength, in o rder to reduce the adsorption of analy zed anions, a l s o contributes to such a situation. On the contrary above this optimal concentration, a saturation of the detector appears, a phenomenon that we have previously reported [49] and that equally induces an increase of LOD.
The electropherogram corresponding to the analysis of all the studied anions, performed in these optimized operating conditions, is shown in figure 7 .
In these optimized operating conditions, we no longe r observe any drift of the baseline, the progressive decrease of the back ground fl u o re s c e n c e, induced by the fl u o re s c e i n / T TAB intera c t i o n s , becoming neg l i gi ble in rega rd to the strong background signal.
The detection thresholds, obtained by performing hydrodynamic injections whose duration va ries from 60 to 90 seconds, are very good: 80 ppb for Cl -, 270 ppb for NO -2 , 340 ppb for NO -3 , 110 ppb for SO [2] [3] [4] , 110 ppb for F -, 140 ppb for the oxalate ion and 280 ppb for the citrate ion, the samples being prepared by using ultra pure water. In fact, in such conditions, a notable sample stacking can take place.
Nevertheless, the use of this new electrophoretic system is relatively difficult because of the procedure required to obtain reproducible analyses. So we intended to substitute h ex a d i m e t h rine for T TAB and as a result we tested the potentialities of this polycationic surfactant. Indeed, the use of this cationic surfactant as an electroosmotic flow reverser has been previously reported in the literature [51, 53, 54] The seven previously studied anions are separated in less than 4 minu t e s , e.i.a time of analysis reduced by two as compared to that obtained with TTAB. Nevertheless in these new operating conditions, the resolution of the nitrite/nitrate pair is problematic and the concentration limit of detection is high. Indeed the detection thresholds of the studied anions are 3 to 5 times higher than those previously established. So the use of hexadimethrine as electroosmotic flow reverser is only interesting to reduce the analysis time and to improve the coating stability. On the contrary, its use is not suitable for traces analysis. Taking into account the detection thresholds as a criterion, we carried out the quantitative study by using TTAB as electroosmotic flow reverser.
Quantitative analysis
The reproducibility of migration times and relative migration times have been studied with sulphate ion as a reference because its migration velocity is intermediate with that of studied anions. The corresponding results reported in table II are satisfactory. Therefore, it is possible to apply this new electrophoretic system to the quantification of Cl -, NO figure 9 . It is interesting to note that the detector polarity was reversed in order to obtain positive peaks and so to realize the integration. 
Conclusion
The indirect fl u o ri m e t ric detection based on fl u o re s c e i n sodium salt, as a visualizing agent, has been adapted for the a n a lysis of inorganic anions and of poly ch a rged orga n i c anions. Such an analysis requires the use of a cationic surfactant as electroosmotic flow reverser such as, for example,
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Original articles trimethyltetradecylammonium bromide (TTAB). TTAB/fluorescein interactions have been observed, inducing detection anomalies. To re a ch the maximal sensitiv i t y, the T TA B concentration within the running electrolyte had to be reduced dra m at i c a l ly, in contrast to the pro c e d u res cl a s s i c a l ly developed for indirect UV detection. On the other hand, the fl u o rescein concentration within the electro p h o retic bu ffe r had to be increased as compared to our previous wo rk s concerning the analysis of inorganic and monocharged organic anions. This change is due to fluorescein adsorption on the positively charged capillary walls. This adsorption can be reduced, although not completely suppressed, by using an electrolyte whose ionic strength has been optimized. It was demonstrated that this new electrophoretic system was very satisfactory for quantitative analysis in regard of its reproducibility, sensitivity and precision as shown by quantifying Cl -, NO -3 , and SO [2] [3] [4] anions in various mineral waters and spring waters. (2) t rm (1) R.S.D. (2) (%) (%) 
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